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Abstract
This paper discusses coupling of the Smoothed Particle Hydrodynamics (SPH) and Finite Volume Method (FVM) approaches
within the OpenFOAM framework to capitalize upon the beneﬁts of both meshed and meshless methods. In the work described
herein, the mesh-free, particle-based, Lagrangian SPH method is used at free surfaces or near deformable boundaries, whereas the
grid-based Eulerian FVM method is used over the larger ﬂuid domain. For the SPH portion of the simulation, dynamic virtual
particles in addition of real boundary particles are used to mitigate boundary deﬁciencies. The introduction of artiﬁcial viscosity
at the air-water interface avoids instabilities associated with the high density ratio. The coupled system is validated by modeling a
dam-break problem and comparing it with an experiment.
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1. Introduction
Computational ﬂuid dynamics (CFD) serves an ever evolving role as a complement to experimental ﬂuid dynamics,
and as the requirements of CFD change, so do the numerical methods used. Increasing availability of computer
processing power is empowering researchers toward broader, innovative numerical approaches. Grid based numerical
schemes, such as Finite Difference Method (FDM), FVM, and Finite Element Method (FEM), are widely used in
the area of CFD. However, difﬁculties associated with meshing arise when solving problems with free surfaces,
deformable boundaries, moving interfaces, or problems involving large deformations [2] and limit the application
of grid-based methods. SPH, a meshfree, Lagrangian, particle method, has emerged as an alternative to grid-based
methods to avoid such challenges. When using SPH, individual material properties are approximated by the integral
representation of neighboring particles smoothed via a kernel function. However, there are computational hurdles
associated with the particle based SPH method as well. Notably, this method classically exhibits boundary deﬁciency
errors due to kernel function truncation and asymmetry at the boundaries. Additionally, this method is computationally
expensive depending on the problem type.
Therefore, the authors of this paper formulated a coupled SPH-FVM approach to capitalize upon the beneﬁts of
both meshed and meshless approaches while minimizing the drawbacks of any given approach. In the coupled SPH-
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FVM system, the particle-based SPH method is used on free surfaces or near deformable boundaries whereas the
grid-based FVM method is used for the larger ﬂuid domain.
Because OpenFOAM is garnering wide attention in a range of ﬁelds while adhering to an open source ideology,
the authors of this paper use OpenFOAM based multiphase SPH [3] and FVM [4] solvers as a basis of the coupled
system.
In the coupled system, the OpenFOAM based interFoam solver is used to solve the larger multiphase ﬂuid domain
in which two phases are identiﬁed with the value of the phase fraction α . For a two-phase dam-break simulation, air
and water phases are identiﬁed with the phase fractions α = 0 and 1, respectively. A full-domain multiphase FVM
solution and interfacial SPH solutions are calculated, and these solutions are then merged in a manner in which the
SPH solution replaces the FVM results at the interface.
This paper uses artiﬁcial viscosity to simulate the interfacial SPH particles in the coupled system. This approach
was proposed to resolve shock problems [5, 6].
1.1. Boundary condition
This paper uses dynamic virtual boundary particles discussed in [7] as repellent particles to avoid the boundary
deﬁciency problem. Position, density, pressure, and velocity of these virtual particles are derived from the SPH
particles adjacent to the boundary within a boundary layer of order O(h). For a linearly discretized solid boundary
Fig. 1: Schematic to compute positionxg of a ghost particle mirroring to the SPH particle atxr and a linear boundary
segment with unit normalnb and pointxb.
with unit normalnb and boundary particle atxb as shown in Fig. 1, the positionxg of a ghost particle mirroring to SPH
particles atxr is computed using Eq. (1).
xg = 2(xb−xr)(nb⊗nb)+xr. (1)
Density and pressure of virtual boundary particles are the same as their parent SPH particles, but the normal and
tangential velocity components, denoted asvng andv
t
g, respectively, of these particles are computed using Eqs. (2) and
(3)
vng = 2v
n
b−vnr , (2)
vtg =
{
vtb+v
t
r for slip boundary condition
vtb for no-slip boundary condition,
(3)
where v is the velocity vector with superscripts n and t indicating normal and tangential components, and vb and vr
are the velocities of the boundary and parent SPH particles, respectively.
Snapshots of two sample cases of virtual boundary particles generated with slip and no-slip boundary conditions
are shown in Fig. 2. The regions encircled in gray show the potential area of particle penetration at the boundary
corner due to the absence of virtual boundary particles. Monaghan boundary particles [8] are used along the boundary
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Fig. 2: Snapshots of virtual boundary particles with (a) slip and (b) no-slip boundary conditions generated from parent
SPH particles. Regions indicated with gray curves indicate potential areas of particle penetration due to the absence
of virtual particles with the present method.
in addition to the virtual boundary particles to avoid the potential ﬂuid particle penetration at corners. Details of the
Monaghan type boundary is discussed in [2].
1.2. Interface detection
Coupling the SPH and FVM system requires identifying the ﬂuid interface at any time tn. For the present paper, an
interfacial cell is identiﬁed as a cell with phase fraction 0 < α < 1, or a cell whose neighboring cells have differing
values of α . For a multiphase ﬂow, phase fraction α is computed by solving the continuity equation advected by the
interfacial mixture velocity [4].
Cells with a phase fraction 0< α < 1 are interfacial cells in dispersed regions at the interface. The existence of two
neighboring cells with different values of α denotes sharp interfacial regions. Figure 3 shows the interface with gray
and black colored square points for air and water, respectively, detected with the algorithm discussed. Continuous
gray and black color regions represent the non-interfacial air and water, respectively.
2. Coupled SPH-FVM system
In the coupled system, the FVM cells centers are the initial positions of the SPH particles for any time step with
the resting density ρ0 equal to the corresponding FVM cell’s density. The current density ρ of the SPH particles is
derived from the FVM cell pressure via the Tait equation deﬁned as [2]
P= B
[(
ρ
ρ0
)γ
−1
]
, (4)
where γ is the speciﬁc heat ratio. Reference pressure B is deﬁned as [9]
B=
100ρw0v2max
γw
, (5)
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Fig. 3: Interfacial SPH regions at t = 1.0 for a two-phase dam break simulation. Gray and black squares denote air
and water interfacial regions respectively. Continuous gray and black color regions show the non-interfacial FVM air
and water, respectively.
Fig. 4: Interfacial water and air SPH particles are shown in black with the supporting neighbor SPH particles shown in
gray. The gray neighbor particles are used to avoid kernel function truncation over the interfacial SPH particles during
the SPH simulation. Note, the data for the supporting neighbor particles is not computed with the SPH simulation,
rather, FVM data is used to get the value.
where vmax is the maximum velocity of ﬂow [9]. Constants ρw0 =1000 kg/m3 and γw=7.0 are reference density and
speciﬁc heat ratio, respectively, for water. Equation (5) limits the density variation within 1% [9].
The reference density and the speciﬁc heat ratio for air are ρa0 =1 kg/m3 and γa=1.4, respectively. When converting
an FVM cell to an SPH particle, the value of γ for the SPH particle is assumed to be equal to that of water for
0.5 ≤ α1 ≤ 1.0 and air for 0.0 ≤ α1 < 0.5. With the use of Eq. (4) to derive the current density ρ from pressure P,
this approach guarantees pressure continuity across the interface region.
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Fig. 5: Sketch of the experimental setup of the dam-break problem [7] with L/H = 2, D/H = 3, and d/H = 5.366.
NX = 4802, NY = 33859; P0,X/(ρXgH) = 17.4, P0,Y = P0,X ; γX = 7.0, γY = 1.4; cs,X/(gH)1/2 = 10.9, cs,Y/(gH)1/2 =
155; τ = t(g/H)1/2. The triangles connected with vertical dashed lines show the water depth measuring probes located
at x1/H = 4.541 and x2/H = 3.713. These probes are denoted as P1 and P2, respectively.
The authors of this paper use the quintic Wendland kernel function [10], deﬁned as
Wi j = αD
(
1− q
2
)4
(2q+1) , 0≤ q< 2, (6)
= 0, q≥ 2. (7)
where value of αD for a 2D case is 7/(4πh2).
The scalar q is the normalized distance between the ith and jth particles. The Quintic Wendland kernel function
was selected for its accuracy and stability in addition to its ability to avoid the tensile instability that may arise when
a derivative approaches zero as two particles come near each other [9].
In the coupled system, at the start of each time step, the entire computational domain is simulated using the
OpenFOAM based interFOAM solver. Subsequently, SPH simulation of the interfacial particles is performed for one
time step as shown in Fig. 4 followed by derivation of non-interfacial SPH data from the current FVM state.
The last step of the coupling, as done in any one time step, is to update the velocity proﬁle of the interfacial FVM
cells using integral interpolation smoothed via the kernel function.
3. Validation
The coupled SPH-FVM solver is validated with a two-phase dam-break experiment in [1]. The experiment was
conducted starting with water stored in a rectangular reservoir with height H = 60cm at time t = 0. The initial
conﬁguration of the dam-break simulation is shown in Fig. 5 in which the front water tow is located at a distance
d−L= 3.366H from the right vertical wall.
The ﬂuids labeled X and Y represent water and air phases, respectively. In this simulation, the reservoir barrier was
removed at time t = 0 allowing water to ﬂow along the lower horizontal wall prior to impacting the right vertical wall.
The water then forms a water-air mixture as it overturns as shown in Fig. 6.
Water heights computed with the coupled system are compared with the experimental data [1] at two locations
indicated with two vertical dashed lines with triangles at the ends and denoted as P1 and P2. Water heights at these
locations are computed by subtracting the entrapped cavity from the highest water level at that point. Figures 7 and 8
show the water height plots at P1 and P2, respectively. Snapshots at different time steps from the numerical dam-break
simulation are shown in Figs. 7 and 8 to illustrate the change in water height at critical points.
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Fig. 6: Snapshots of the dam-break simulation using the coupled SPH-FVM system at non-dimensional times
t
√
g/H = 3.03, 6.07, 8.09, 9.10 increasing from top to bottom. The numbers of water and air particles are NX = 4802
and NY = 33859, respectively. The left column shows the simulation with air and water as light- and dark-gray colors,
respectively. The right column shows the interfacial SPH region with air and water as light- and dark-gray colors,
respectively. The interfacial SPH regions are identiﬁed based on the variation in phase fraction α .
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The ﬁrst sudden increase in normalized water height h2/H visible in Fig. 8 between normalized time t
√
g/H =
1.6 ∼ 2.1 is due to the arrival of the front water tow at P2 as shown in the lower left snapshot. A slight difference in
the proﬁle of the water height plot at this time can be explained due to the lack of surface tension in the numerical
simulation. The second sudden increase in water height at P2 during t
√
g/H = 6.5 ∼ 6.75 is due to the returning
water wave as shown in the snapshot in the upper right side of Fig. 8. The change in the water height proﬁle in Fig. 7
at t
√
g/H = 2.0∼ 2.25 and√t/H = 5.5∼ 6.0 can be explained with similar reasoning and corresponding snapshots
are shown in the lower left and upper right corners, respectively.
The small difference between numerical and experimental results can be due to coupled effects of the experimental
initial conditions, bottom roughness, ﬁnite size of probes in ﬂuid, 3D effects, and uncertainty associated with the
experimental measurements as well as numerical considerations, particle reﬁnement, viscosity modeling used, etc.
Experimental and numerical results for the gradual change in water heights at the points P1 and P2 during time
t
√
g/H ≈ 3.0− 5.5 and t√g/H ≈ 2.0− 6.0, respectively, agree well, and illustrate the capability of this coupled
SPH-FVM solver for interface simulation in multi-phase ﬂows.
The numerical results show poor agreement with the experimental data for t
√
g/H > 7.0 likely due to the 3D
nature of the dam-break amongst other factors.
4. Conclusion
To capitalize upon the beneﬁts of Lagrangian and Eulerian methods, SPH and FVM methods are coupled within
the OpenFOAM framework. In the coupled system, the Lagrangian nature of SPH method is used to capture the
interface / free surface dynamics, whereas the computational efﬁciency and accuracy of the Eulerian FVM method for
single phase ﬂow is used to simulate non-interfacial regions. An interface detection algorithm based on phase change
and variation in phase fraction α is successfully implemented to identify the SPH and FVM regions at any time step.
The two-phase dam-break experiment of [1] is numerically reproduced to validate the coupled SPH-FVM system.
Agreement between the experimental and computational data lends credence to the use of the coupled SPH-FVM
system to problems involving multi-phase ﬂows. The coupled system can be improved for the computational cost by
storing the interfacial SPH particles along with their neighboring particles within the range of a smoothing length.
As currently presented, this numerical simulation tool can be no faster than an FVM simulation, whereas, if it were
not necessary to do a complete FVM simulation throughout the entire ﬂuid domain at each time step, conceivably,
one could potentially save computation time by using SPH where it is most efﬁcient (e.g. the free surface) and FVM
where it is most efﬁcient (e.g. the larger ﬂuid domain). Additionally, further validation and particle reﬁnement studies
are needed.
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Fig. 7: Total height of the water at x1/H = 4.541 from the left vertical wall, e.g. the probe 1 location. Curves with
 and Δ symbols represent the numerical simulation with the coupled SPH-FVM system and the experimental data
reported by [1], respectively. Two snapshots of the dam-break simulation are shown at t
√
g/H = 2.1026 and 5.6609.
Fig. 8: Total height of the water at x2/H = 3.713 from the left vertical wall, e.g. the probe 2 location. Curves with
 and Δ symbols represent the numerical simulation with the coupled SPH-FVM system and the experimental data
reported by [1], respectively. Two snapshots of the dam-break simulation are shown at t
√
g/H = 1.6578 and 6.4696.
